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ABSTRACT

The section Neurophyllodes of Geramizm, a highly distinctive grcup endemic to the Hawaiian Islands, consists of four
species, three of which conwin two or more well-marked subspecies. Although all are alpine, their habitats range from
dry cinder fields up to 3300 m to wet montane bogs with up to 1500 c¢cm rainfall annually. Progressive adaptation by
leaves to xeromorphy is hypothesized for all species except G. humile. Features representing xeromorphy include di-
minution in leaf size; isolateral versus bifacial leaf construction; increase in thickness and in number of palisade layers;
increase in glandular trichomes to form a dense felt on one or more surfaces; development of a hypodermis near one or
both surfaces, together with hypodermis-like cells in the central mesophyll. Selective factors inducing this xeromorphy
include brilliance of sunshine with pronounced ultraviolet-radiation; radiation from and aridicy of bare lava or cinders;
brisk winds; and marked diurnal fluctuation of humidity. Geranium bumile is hypothesized to be a secondary entrant
into bogs, based on xeromorphic ancestors resembling G. cuweatum. Foliar features other than those probably indica-

tive of xeromorphy are discussed, and a nomenclatural revision is proposed.

THE HAWAIIAN SPECIES OF Geranizm form a dis-
tinctive and natural group (recognized by most au-
thors as constituting a section, Neurophyllodes A.
Gray) that shows exemplary patterns of insular spe-
ciation. All of the Hawaiian Geraniums are montane,
and each entity occupies a particular montane range.
The ranges of the entities thus form "islands” within
the Hawaiian chain. However, the most remarkable
aspect of these Geraniums is the way their leaf an-
atomy matches each of the niches in this gamut of
tropical montane habirats. At one extreme are broad-
leaved shrubs or trees (G. arborenm, G. multiflorum)
of moist areas just above the rain forest; at another
are small-leaved shrubs (G. cuneatum) which inhabit
dry alpine scrub areas bathed with clouds to various
degrees. A third extreme is represented by the pros-
trate herbs in bogs that receive 1000 cm. of rainfall
or more (G. humile). Nomenclature of these species
and subspecies is provided in the terminal section of
this paper.

The amazing range in habitats represented by
these populations provided an unusual opportunity
for analysis of how leaf anatomy has evolved with
relation to particular habitats. Correlation between
ecology and leaf anatomy has long been noted (see
the review of Shields (1950) and the numerous ref-
erences cited therein). However, most studies of
this sort have taken assemblages of unrelated species

1 This study has been aided by a grant from the National
Science Foundation, GB 38901.
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frcm a parricular region and artempred to find com-
mon denominators in anatomical modes of leaf struc-
ture (e.g., deciduous forest trees). This is a valid
viewpoint, and much useful information could have
been revealed only in this manner. Alternative to
this "floristic” viewpoint is the systematic approach,
in which a group that shows adaptive radiation into
varied habitats is analyzed with respect to leaf ana-
romy. One recent example of this approach is Mor-
tenson’s (1973) analysis of Cercocarpus (Rosaceae).
The merit of the systematic viewpoint is that differ-
ences among species can closely reflect habitar dif-
ferences. With the floristic viewpoint, there is the
possibility that a variety of adaptations to a single
habitat occur. In desert shrubs, for example, micro-
phylly, heavily cutinized leaf surfaces, and leaf suc-
culence may be observed among species in a single
area. The limitation of the systematic approach lies
in the range of habitats occupied by a phylad: no
group occupies all niches from desert to aquatic,
coast to alpine, that one ideally would wish represen-
ted. Each group that does cover a portion of such
amplitude dees illustrate critical features in adaptive
aspects of leaf anatomy, however,

MATERIALS AND METHODS

This study was initiated because pickled leaf mater-
ial of most taxa was available from the senior auth-
or's various Hawaiian expeditions. These materials
are as follows: G. arboreum, Carlquist 2130 (RSA);



G. cuneatum cuneatum, Carlquist 2098 (RSA); G.
cuneatum: hypoleucum, Carlquist 2107 (RSA); G.
cuneatum tridens, Carlquist 1942 (RSA); and G. bxu-
mile humile, Carlquist 551 (RSA). In order to com-
plete the survey, leaves from herbarium material of
the remaining taxa were kindly provided by Dr.
Pieter van Royen of the Bishop Museum. These
specimens include G. cuneatum hololencum, Iitis
H-204 (BISH); G. humile kauaiensis, Forbes 12757
(BISH); and G. multiflorum maultiflorum, Usinger
692 (BISH). A specimen of G. multiflorum canum,
Henrickson 3702 (RSA) completed the survey.
Dried leaves were expanded by the typical clearing
technique, soaking in warm 2.5 percent NaOH,
without taking the process to the point of complete
clearing, These leaves were transferred to water and
then to 50 percent ethyl alcohol, From this point on,
both leaves from herbarium specimens and pickled
leaves were treated alike: infiltration in a tertiary
butyl alcohol series, sectioning of paraffin-embedded
material on a rotary microtome, and staining with a
safranin-fast green combination. Paradermal and
transections (both transverse and parallel to the long
axis of the leaf) were prepared. Leaves from her-
barium specimens provided quite satisfactory sections
in most instances, although interpretation of them
without reference to those of the pickled specimens
would have been difficule. Perhaps most seriously
open to question are the epidermal wall thickness
figures derived from herbarium material. Sections
and qualitative and quanritative data are the work
of the junior author; calculations, ecological observa-
tions, and construction of the rtext are the work of
the senior author.

While relatively precise anatomical data could be
secured for each population, expression of the clima-
tological and ecological regimes of the sites they oc-
cupy is difficale. Although the senior author has vis-
ited most of the localities, brief visits can be mis-
leading. For example. in alpine localities mornings
can be sunny and dry, bur as moist tradewinds are
drawn upslope during the day, a cloudy and even
drizzly condition can occur, The sites in which the
various Geraniums grow can be described as com-
bining various proportions of dry to cloudy condi-
tions, but these proportions cannot be described ex-
actly. Even in the bogs where G. humile grows,
there are occasional periods of intense sunshine and
warmth. However, as proportion of sunshine to
cloudiness increases, aridity increases geometrically,
for reasons 1 have described elsewhere (Carlquist
1970). Climatic data for the Islands, such as those
offered by Blumenstock (1961), are of some value,

but that publication wisely conrains disclaimers con-
cerning microclimaric pockets that may be quite dif-
ferent from the zones in which they fall according to
rainfall, etc. There are very few montane or alpine
recording stations, and even these do not keep the
kind of data (eg., periodicity and duration of cloud
penetration) that are of particular pertinence here.
However, 1 feel that personal acquaintanceship dur-
ing field work in montane Hawaii with the habitats
in question provides greater understanding of eco-
logical regimes than does citation of any published
climatic data, imprecise though that may seem.

ANATOMICAL DATA AND
ECOLOGICAL CORRELATIONS

Ideally, one might like to quantify all anatomical da-
ta; however, some data are not easily quantifiable:
degree of hairiness of leaves, for example. Planc size
might be used as an indicator of mesomorphy, as ex-
emplified by the mesic species G. arboreum and G.
maultiflorum, but G. bumile is much more dwarfed
than its non-bog counterparts, such as G. cuneatun.
Dwarfing in bogs is typical, and is probably based
on lowered oxygen and nitrates in the Hawaiian bogs
where standing warter occurs.

However, as an opening statement of mesomor-
phy versus xeromorphy, four easily quantifiable fea-
tures were selected. Large leaf area in the Hawaiian
Geraniums is undoubtedly correlated with mesomor-
phy, following the reasoning in the multidimensional
review of Parkhurst and Loucks (1972). Number
of hydathodic teeth on leaves is higher in mesic en-
vironments, as noted by Bailey and Sinnott (1916).
Thick outer epidermal walls (all leaf epidermis cells
bear conspicuous cuticles in the Hawaiian Gerani-
ums) and thick leaves are inversely correlated with
mesomorphy, as noted by wvarious authors, such as
Haberlandt (1914) and Shields (1960). One can
secure an index to mesomorphy (M) if one combines
leaf area in sq cm (A); with number of leaf teeth
(T); thickness of outer epidermal wall of upper
leaf surface (Ei1) and outer wall of abaxial leaf epi-
dermis (Ez), in microns; and leaf thickness (L) in
mm according to the following formula:

AT
Me=—
(Ey+E2)L

Because multiplication is used in this index, it tends
to increase geometrically, and would therefore tend
to form a straight line on a log-log scale. One must
note that it is a strictly arbitrary index, and would
not necessarily be applicable to other groups of plants.
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TABLE 1. Leaf features of Hawaiian Geraniums

Mean Mean no

leaf area of teeth

Taxon (sg. cm.) per leaf
1. G. arboreum 44.3 20
2. G. multiflorum  multiflorum 30.5 18
3 G. m. ovatifolium 50.2 20
4, G. cuneatum cuneatum 13.8 6
5. G. ¢. holoeucum 53 5
6. G. c. hypoleucum 25 5
7. G. c. trident L9 3
8. G. humile kauaiense 53 5
9. G. humile humile 53 5

In fact, one could imagine that for each genus with
an ecological amplitude reflected in terms of leaf an-
atomy that an equation similar to the one above, or
a multiple regression equation, could be constructed,
and that any given equation valid for one genus is
unlikely to apply to others. The mesomorphy index
invented above does dramatize accurately the appar-
ent degree of mesomorphy of the Hawaiian Gerani-
ums. The index values for each of the taxa, and the
data on which me index values are based, are given
in table 1. Taxa are arranged in order of decreasing
mesomorphy, except for G. humile, which is placed
last.

Because tendencies in leaf construction cannot be
simply summarized in a single table, and neither
can climate, the discussions below are offered. These
tend to reinforce conclusions that could be reached
from the figures above. Distributional data are from
Skottsberg (1930), Fosberg (1936), and Henrick-
son (1971). Ecological observations are based on
the data of Blumenstock (1961) and my own notes.

1 Geranium arboreum (figs. 1-3). This species oc-
curs on western Haleakala, Maui, from 1800 to 2100
m. Although this range and elevation seems similar
to that of G. cuneatum tridens, the habitats of G.
arboreum are quite different. Geranium arboreum
occurs in moister gullies, with such plants as Rubus
hawaiiensis. Cloud cover is considerable over the
belt where G. arboreum occurs. The maximally meso-
morphic nature of leaves is suggested by the follow-
ing features: leaves bifacial (2 palisade, 5 spongy
layers); hypodcrmis absent, no hypodermis-like cells
in center of mesophyll; non-glandular trichomes
sparse on both surfaces, most prominent on veins
of adaxial surface; hydathodes of minimal size, a-
though compensated for by the large number of
teeth. The absence of trichomes suggests that the
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Outer epidermal

wall Ledf Mesomorphy

thickness, ftm Thickness (mm) Index
Adaxid Abaxial

36 7.6 20

39 37 a5

37 85 19

52 85 438

57 86 .28

49 25 -43
123 15.0 -43

2.7 47 29

6.5 "5 29

gullies where G. arboreum grows are sheltered from
strong wind.

2. G. multifforum multiflorum.  This scarce subspe-
cies has been collected in recent time only by Usinger.
Circumstantial evidence suggests that its habitat is
much like that of G. arboreum; there are, along the
saddle between Hualalai and Mauna Kea where G. m.
multiflorum grows, areas of prolonged cloud cover,
where lava and vegetation are covered by lichens.
Tendencies toward xeromorphy are slight, but in-
clude the following, compared to G. arboreum, with
which it agrees except for: a third palisade layer
present occasionaly; a few spherical hypodermis-like
cells that contain chloroplasts scattered beneath the
adaxial epidermis; non-glandular trichomes more
abundant than in G. arboreum, only somewhat less
abundant than in G. m. ovatifolium and occurring
along veins on adaxial as well as abaxial surfaces;
hydathodes a little more massive than those of G.
arboreum. In the Hawaiian Geraniums, hypodermal
cells can be defined by the fact that walls are thicker,
cells larger and more sphaeroidal, and chloroplasts
fewer than in chlorenchyma. At least a few chloro-
plasts are present in most hypodermal or "hypoder-
mis-like" cells, however.

3. G. multiflorum ovatifolium. The ecology of this
species has been described by Henrickson (1971).
It occurs on generally moist cloudswept upper slopes
of northeastern Haleakala, Maui, from 2200 to 3000
m. These habitats, which may be described as heath
scrub, are probably subjected to considerable early
morning sunshine but briskly wind-driven clouds in
the afternoon. Compared to G. arboreum, there are
a number of alterations in the direction of xeromor-
phy: leaf construction is transitional to isolateral,
with two layers of palisade on both surfaces and



